public health threat, the high susceptibility of human Tuberculosis (TB) resurged in the late 1980s and an immunodeficiency virus-infected persons to the disease, estimated 1.87 million people died of TB in 1997. The and the proliferation of multidrug-resistant (MDR) reemergence of tuberculosis as a public health threat, strains have created much scientific interest in develthe high susceptibility of HIV-infected persons, and the oping new antimycobacterial agents to both treat Mycoproliferation of multidrug-resistant strains have created bacterium tuberculosis strains resistant to existing a need to develop new antimycobacterial agents. The drugs and shorten the duration of short-course treatexistence of a shikimate pathway has been predicted by ment to improve patient compliance. Moreover, treatthe determination of the genome sequence of Mycobacte-ment of patients infected with MDR M. tuberculosis rium tuberculosis. The M. tuberculosis aroK-encoded must rely on second-line drugs, which are less effective shikimate kinase and aroA-encoded 5-enolpyruvylshiki-and more expensive, can cost up to $250,000 per person mate 3-phosphate (EPSP) synthase were cloned and the and take 2 years (2).
pathway in apicomplexan parasites should provide attractive targets for the development of new antiparasite agents (4, 5). In mycobacteria, the shikimate pathway leads to the biosynthesis of chorismic acid, which is a In 1997, a total of 7.96 million new cases of tuberculoprecursor for the synthesis of aromatic amino acids, sis (TB) 2 were estimated, there were 16.2 million exnaphthoquinones, menaquinones, and mycobactin (6) . isting cases of the disease, and an estimated 1.87 milEvidence that the shikimate pathway is essential in M. lion people died of TB (1). The reemergence of TB as a tuberculosis is lacking, although the disruption of the aroD gene was used successfully to generate attenuated 1 To whom correspondence may be addressed. Fax: ϩ55 51 3191079.
oral vaccine strains of Salmonella typhi and other bac-E-mail: labasso@dna.cbiot.ufrgs.br or diogenes@dna.cbiot.ufrgs.br.
teria (7) . Furthermore, the salicylate-derived mycobac-2 Abbreviations used: TB, tuberculosis; MDR, multidrug-resistant; SK, shikimate kinase I; EPSPS, 5-enolpyruvylshikimate 3-phosphate tin siderophores were recently shown to be essential synthase; S3P, shikimate-3-phosphate; PEP, phosphoenolpyruvate; for M. tuberculosis growth in macrophages (8) .
EPSP, 5-enolpyruvylshikimate-3-phosphate; LB, Luria-Bertani;
Homologues to the shikimate pathway enzymes were IPTG, isopropyl ␤-D-thiogalactoside; PK, pyruvate kinase; LDH, lacidentified in the complete genome sequence of M. tubertate dehydrogenase; PNP, purine nucleoside phosphorylase; MESG, 2-amino-6-mercapto-7-methylpurine ribonucleoside.
culosis H37Rv strain (9 EPSPS to total soluble proteins in the SDS-PAGE gels Genes were estimated using a GS-700 imaging densitometer (Bio-Rad). Synthetic oligonucleotide primers (5Ј-attccatatgaagaIn order to evaluate EPSP synthase protein exprescatggccagcccc-3Ј and 5Ј-gcggatcctcaaccgccggacccctgcc-3Ј, sion as a function of cell growth phase, E. coli for aroA gene; 5Ј-attccatatggcacccaaagcggttctc-3Ј and 5Ј-BL21(DE3) cells harboring pET-23a(ϩ)::aroA recombigcggatcctcatgtggccgcctcgctggg-3Ј, for aroK gene) were denant plasmid were grown in the absence of IPTG and signed based on the complete genome sequence of M.
samples were removed at various times for OD 600 meatuberculosis H37Rv (9). These two pairs of primers were surements and for SDS-PAGE analysis. complementary to the amino-terminal coding and carboxyl-terminal noncoding strands of their respective Protein Determination structural genes containing 5Ј NdeI and 3Ј BamHI restriction sites, which are underlined, in noncomplemenProtein concentration was determined by the method tary overhangs. These primers were used to amplify the of Bradford et al. (13) using the Bio-Rad protein assay M. tuberculosis aroA and aroK structural genes from kit (Bio-Rad) and bovine serum albumin as standard. genomic DNA using standard PCR conditions (PerkinElmer). The PCR products were purified by electrophore-Shikimate Kinase Activity Assay sis on low-melting agarose, digested with NdeI and BamHI and ligated into a pET23a(ϩ) expression vector Shikimate kinase enzyme activity was assayed in the forward direction by coupling the ADP product forma-(Novagen) which had previously been digested with the same restriction enzymes. The DNA sequences of the tion to the pyruvate kinase (PK; EC 2.7.1.40) and lactate dehydrogenase (LDH; EC 1.1.1.27) reactions folamplified M. tuberculosis aroA and aroK genes were determined, using the Thermo Sequenase radiolabeled ter-lowing the protocol described by Millar et al. (14) .
Shikimate-dependent oxidation of NADH was continuminator cycle sequencing kit (Amersham Pharmacia Biotech), to both confirm the identity of the cloned genes ously monitored at 340 nm ( ϭ 6.22 ϫ 10 3 M Ϫ1 cm Ϫ1 ).
All reactions were carried out at 25ЊC and initiated cloned genes and demonstrated that no mutation was introduced by the PCR amplification step. with addition of SK extracts. The assay mixture contained 100 mM Tris-HCl buffer, pH 7.5, 50 mM KCl, Shikimate kinase and EPSP synthase from M. tuberculosis H37Rv were overexpressed in E. coli BL21(DE3) 5 mM MgCl 2 , 1.6 mM shikimic acid, 2.5 mM ATP, 1 mM phosphoenolpyruvate, 0.1 mM NADH, 3 U mL Ϫ1 cells carrying pET-23a(ϩ)::aroK and pET-23a(ϩ)::aroA recombinant plasmids, respectively. Analysis by SDSpyruvate kinase, and 2.5 U mL Ϫ1 units of lactate dehydrogenase. Initial steady-state rates were calculated PAGE with Coomassie blue staining indicated that the cell extracts contained a significant amount of protein from the linear portion of the reaction curve relative to rates obtained likewise with extracts of E. coli with subunit molecular weight in agreement with the predicted MWs for shikimate kinase (Fig. 1A, 18 .58 BL21(DE3) cells harboring pET-23a(ϩ) plasmid. PEP, (Ϫ)shikimate, LDH and PK enzymes, ATP, and NADH kDa) and EPSP synthase (Fig. 1B, 46.43 kDa) . Densitometric quantification of the SDS-PAGE protein bands were all purchased from Sigma. One unit of enzyme activity (U) is defined as the amount of enzyme catalyz-showed that both SK and EPSPS constituted approximately 30% of total protein present in the soluble cell ing the conversion of 1 mol of substrate per minute.
extract under the experimental conditions utilized. The EPSP Synthase Activity Assay value of 30% is an underestimate for EPSPS protein overexpression, since a lower load of protein on SDSRecombinant M. tuberculosis EPSPS was assayed in PAGE indicated a proportion of ϳ40% EPSPS to total the forward direction in 50 mM Tris-HCl, 25 mM KCl, soluble protein (data not shown). 2.5 mM MgCl 2 , pH 7.6, at 25ЊC. Enzyme activity was It should be pointed out that overexpression of both measured by estimating the rate of inorganic phosphate proteins was achieved without addition of IPTG and by (P i ) release using a continuous spectrophotometric coupled assay with purine nucleoside phosphorylase (PNP; EC 2.4.2.1) and 2-amino-6-mercapto-7-methylpurine ribonucleoside (MESG) (15) . The PNP enzyme and MESG are commercially available as the Enzchek phosphate assay kit (Molecular Probes). This assay is based on the difference in absorbance between MESG and the purine base product of its reaction with P i catalyzed by PNP. This reaction gives an absorbance increase at 360 nm with an extinction coefficient of 11,000 M Ϫ1 cm Ϫ1 at pH 7.6 (15) . The synthesis of the EPSPS substrate was achieved by adding overexpressed SK extract, shikimate, and ATP to the reaction mixture to continuously produce shikimate-3-phosphate in the vial. Typically, a 500-L assay mixture contained 0.19 U mL Ϫ1 SK, 0.2 mM MESG, 1 U mL Ϫ1 PNP, 500 M PEP, 1.6 mM shikimate, and 2.5 mM ATP. All reactions were initiated by simultaneous addition of EPSPS and SK. Initial steadystate rates were calculated from the linear portion of the reaction curve relative to rates obtained from extracts of E. coli BL21(DE3) cells harboring pET-23a(ϩ) plasmid instead of overexpressed EPSPS protein extract. It should be pointed out that the SK extract had nucleic acids precipitated by the addition of streptomycin sul- Fig.  1 . M. tuberculosis EPSP synthase protein expression overexpression was obtained at higher levels for SK without IPTG induction compared to 0.5 mM IPTG inas a function of cell growth phase in the absence of IPTG could be detected at all time intervals tested ( Fig. duction and at an equal level for EPSPS (data not shown). It should also be noted that only fresh trans-2). However, EPSPS expression reached a maximum in the stationary phase ( Fig. 2B; lane 6, 14 .7 h of cell formants containing pET-23a(ϩ)::aroA produced EPSPS protein at high levels. EPSPS protein producgrowth) and high levels of expression remained throughout the time intervals tested in the stationary tion levels declined considerably when transformants were stored either on agar plates at 4ЊC or as glycerol phase (Fig. 2B) .
In the pET vector system (Novagen), target genes are stocks at Ϫ20ЊC. Similar experimental observations were reported by Kelley et al. (16) using the pET system. positioned downstream of the bacteriophage T7 late promoter on medium copy number plasmids. Typically, Furthermore, high levels of uninduced protein production could be achieved by cell growth to stationary phase production hosts contain a prophage (DE3) encoding the highly processive T7 RNA polymerase under control (OD 600 ϭ 1.6-1.7) at 37ЊC for both the M. tuberculosis EPSP synthase (Fig. 2) and SK (data not shown) conof the IPTG-inducible lacUV5 promoter. Although it is often argued that the cost of IPTG limits the usefulness structs. It was recently proposed that leaky protein expression is a property of the lac-controlled system as of the lac promoter to high-added-value products, we showed here that high levels of expression of SK and cells approach stationary phase in complex medium and that cyclic AMP, acetate, and low pH are required to glyphosate ternary complexes will be needed to assist inhibitor design for the proposed allosteric glyphosateeffect high-level expression in the absence of IPTG induction (17) . The authors also suggested that derepres-binding domain (20) . Accordingly, the results presented here should provide protein in quantities necessary for sion of the lac operon in the absence of IPTG may be part of a general cellular response to nutrient limitation. structural and enzymological studies. Our goal is to develop antimycobacterial agents; however, we also The soluble protein cellular extracts were assayed for SK and EPSPS enzyme activities. EPSPS-specific hope to contribute to the development of new potent herbicides. enzyme activity from cells expressing aroA gene product was determined to be 101-fold higher than the spe-ACKNOWLEDGMENTS cific activity obtained for E. coli BL21(DE3) cells transformed with pET-23a(ϩ) (control), as shown in Table 1 . Analysis of SK-specific enzyme activity showed a 328-for generously supporting this work and Professor William R. Jacobs for fold increase (see Table 1 ) compared to control cell ex-his generous gift of genomic DNA from M. tuberculosis H37Rv. tracts. Moreover, SK and EPSPS enzyme activities were linearly dependent on cell extract volume added to the REFERENCES reaction mixture. The SK enzyme activity was stable , TABLE 1 Connor, R., Davies, R., Devlin, K., Feltwell, T., Gentles, S., Hamlin, N., Holroyd, S., Hornsby, T., Jagels, K., and Barrell, B. 
